Abstract-This paper describes a series of terahertz-range weak reflection fiber optic structures engineered for distributed temperature and strain sensing applications. Four specific structures are described: an intrinsic Fabry-Perot interferometer, a terahertzrange fiber Bragg grating, a phase-shifted terahertz-range fiber Bragg grating, and a terahertz-range fiber Bragg grating fabricated with an intact optical fiber buffer coating. All four structures were fabricated using a femtosecond laser micromachining system, which inscribed the structures within the core of a single-mode silica optical fiber. Interrogation technique, signal processing, fabrication method, and experimental investigation of each structure are described. The results presented demonstrate that these structures specifically, and terahertz-range optical fiber sensors more generally, hold substantial utility as methods of distributed temperature and strain sensing.
I. INTRODUCTION
O PTICAL fiber sensors have a unique complement of characteristics that makes them particularly well-suited to applications requiring a high density of discrete sensing elements over a long range. These attributes include relative immunity to electromagnetic interference; mechanical, chemical, and temperature resilience; and small cross sectional area. Perhaps most importantly, thousands of sensor elements can be cascaded along a single optical fiber probe and interrogated simultaneously, allowing for a single length of optical fiber to act as a network of individual sensor elements in series. These characteristics have led to the use of distributed optical fiber sensors in a wide variety of areas, including robotic control systems, structural health monitoring, and surgical instruments [1] - [3] .
Two broad categories of optical fiber sensing techniques exist: those that use unmodified optical fibers that are identical to commercial fiber used for communication applications, and those that modify the optical fiber in order to enhance its sensing properties. Techniques which use unmodified optical fiber often utilize changes in the Rayleigh backscattering profile of the optical fiber as a sensing method, an intrinsic property of the optical fiber that can be measured using optical frequency domain reflectometry (OFDR) or frequency modulated continuous wave (FMCW) techniques [4] - [9] . OFDR interrogation uses a tunable laser source that is swept over a large interrogation bandwidth (∼terahertz) in order to achieve high spatial resolution detection. Using this technique, signals on the order of −120 dB along the length of the optical fiber can be amplified and resolved. Rayleigh backscattering patterns, the result of molecular-scale imperfections in the optical fiber structure on the order of −90 dB in single-mode optical fiber, can therefore be measured and related to changes in strain and temperature along the optical fiber sensor probe.
Techniques that utilize modified optical fibers as sensing elements often employ interferometry as a way of resolving changes in strain and temperature by measuring changes in the interference patterns generated by a series of reflectors inscribed along the optical fiber. Ultraviolet lasers are often employed as a method of fabricating fiber Bragg gratings (FBGs) for shortrange distributed strain and temperature sensing purposes. The relatively high reflectivity of these structures, coupled with their short period, allows for greatly enhanced signal-to-noise ratio when measuring changes in strain and temperature, making them well-suited to applications in which small changes in temperature and strain must be resolved.
Weakly reflective interferometric structures represent a subcategory within modified optical fiber sensors that offer a unique blend of the advantages of both modified and unmodified fiber sensor techniques. These weak structures can be interrogated using OFDR or optical time domain reflectometry (OTDR) systems, allowing the reflectivity of such sensors to by only marginally higher than the Rayleigh backscattering level. This substantially reduces both crosstalk and loss along the length of the fiber, further improving their utility as distributed sensors. At the same time, the increased reflectivity of the weak reflectors relative to Rayleigh levels allows for increased signal-to-noise ratio (SNR) when resolving shifts in interference pattern, preserving the enhanced detection limit over a longer measurement range at the cost of necessitating the modification of the optical fiber. Thus, weakly-reflective optical fiber systems combine the beneficial attributes of modified and unmodified optical fiber sensors in a way that maximizes their utility as multiplexed distributed sensors. Femtosecond laser micromachining techniques are wellsuited to the task of introducing these weak reflectors into the structures of optical fibers [10] - [12] . The energy of a femtosecond laser can be focused within a small region of space, inducing the abrupt changes in refractive index necessary to generate reflections to be precisely inscribed within the structure of the optical fiber, while leaving the surrounding silica relatively unchanged [13] . The precision with which this process can be controlled allows for a variety of structures to be inscribed within both the optical fiber cladding and core [14] - [16] . By changing the amount of power of the femtosecond laser, the changes in refractive index of the irradiated regions, and thus their reflectivity, can be controlled, allowing for the precise control of the balance of measurement sensitivity and multiplexing capability of each inscribed reflector structure.
This manuscript summarizes a series terahertz-range weak reflector structures fabricated using femtosecond laser micromachining and interrogated using an OFDR system. Specifically, an intrinsic Fabry-Perot interferometer, a terahertz-range fiber Bragg grating, a phase-shifted terahertz-range fiber Bragg grating, and a terahertz-range fiber Bragg grating fabricated with an intact optical fiber buffer coating are described in detail. A theoretical framework for OFDR interrogation, signal processing, and experimental results for each structure are presented. Each of these structures provides an alternative method of optical fiber sensing that makes them well suited to a range of distinct engineering applications.
II. OPERATIONAL MECHANISM

A. Interrogation Technique
A schematic of the OFDR system used to interrogate each of the four described sensors is illustrated in Fig. 1 [17]- [20] . Light from a tunable laser (TLS) is split into a signal path and a clock path using an optical coupler (CPL). The signal path is further split into a reference arm and a detection arm. In the detection arm, an optical circulator (CIR) is used to guide the light into a sensor under test. The reflected light from the sensor is relayed back to another CPL, and the resulting interference pattern measured using a balanced photodetector (BPD). A polarization controller (PC) is used along the reference arm in order to maximize the intensity of the reflected interference signal output. This configuration allows ultraweak reflected signals to be collected and amplified. To compensate for the non-linearity of the sweeping speed of the TLS, a clock path with a fixed delay interferometer is used to re-sample the data collected from the signal path. BPDs and a data acquisition card (DAQ) are used to collect and digitize the optical data. Using this system, the AC-coupled voltage signal received by the DAQ can be expressed as:
where η is the light-to-voltage coefficient of the photodetector, r is the reflectivity of the weak reflectors, I ref is the light intensity of the reference arm, β is the propagation constant, z ref is the length of the reference arm, and z m is the delay length of the m th weak reflection along the detection arm. A total of M weak reflectors are inscribed along the fiber under test. The intensity of the reflected light as a function of distance can be resolved using a discrete Fourier transform (DFT). Changes in strain and temperature along the fiber under test result in optical path length differences in the structure of each fiber sensor, resulting in shifts in the interference patterns generated by the reflector structures that are recorded by the balanced photodiodes.
B. Femtosecond Laser Micromachining
In order to fabricate the reflectors used in each described sensor structure, a Ti-Sapphire femtosecond laser (Coherent, Inc.) micromachining system was employed. The central wavelength, pulse width, repetition rate, and maximum power of the laser were 800 nm, 200 fs, 250 kHz, and 1.0 W, respectively. A 20× water immersion objective lens (Olympus UMPlanFL 20×) was used to focus the femtosecond laser energy within the optical fibers, resulting in a focal spot size of 0.83 μm for both coated and uncoated optical fibers. The laser power used during fabrication was controlled by adjusting a half-wave plate, a polarizer, and several neutral density filters. The laser was switched on and off by electrically gating an internal clock.
Single mode optical fiber (Corning, SMF-28), with core and cladding diameters of 8.2 μm and 125 μm respectively, was used as the medium in which the reflectors were fabricated. During the fabrication of each reflector structure, the buffer coating was mechanically stripped from the silica optical fiber before reflector inscription, unless otherwise specified. The optical fiber to be inscribed was mounted on a three-axis translation stage. A cuboid region covering the entire optical fiber core was inscribed in the center of the optical fiber, as illustrated in Fig. 2. Fig. 3 demonstrates the microscopic images of three intrinsic Fabry-Perot interferometers (IFPIs) fabricated using this technique at differing laser powers (0.14 W, 0.12 W, and 0.10 W). The resulting reflector intensity values were measured and calibrated using a standard APC as a −60 dB reference. 
III. SENSOR STRUCTURES
A. Intrinsic Fabry-Perot Interferometer
An intrinsic Fabry-Perot interferometer (IFPI) [21] uses a pair of weak reflectors along the length of an optical fiber in order to form a resonant cavity. The cavity length of an IFPI determines its resonant frequency; in this case, a distance of 1 mm was used between reflectors, corresponding to a resonant frequency in the terahertz range. Fig. 4(a) shows the distance domain reflection pattern of an IFPI fabricated using 0.11 W femtosecond laser power. Multiple IFPIs can be cascaded along a single mode fiber and interrogated individually to yield a distributed temperature or strain profile.
In order to extract the interference pattern of an individual IFPI, a bandpass filter is applied to the time domain signal in order to determine the frequency domain spectrum at a certain location. The resultant reflection signal data are squared and filtered using a low pass filter, the result of which is shown in Fig. 4(b) . A 1 mm cavity length leads to an interference pattern in the frequency domain with a period of 100 GHz. Temperature or strain changes can then be determined by measuring the phase shift of the interference pattern in the frequency domain. Fig. 4 (c) illustrates temperature testing results using a 1 mm IFPI sensor. The frequency shift as a function of temperature from 60°C to 65°C is plotted. Highly linear results were observed along the temperature range examined, with a measured R 2 value of 0.998. The sensitivity of the sensor was measured to be approximately −1.5 GHz/°C. Multiplexing testing was subsequently conducted, and no cross talk was found. Stability testing demonstrated a detection limit of less than 0.0667°C.
B. Terahertz-Range Fiber Bragg Grating
Terahertz-range fiber Bragg gratings (THz FBGs) are another reflector-based structure that enhance the signal-to-noise ratio of optical fiber sensors [22] . Fig. 5(a) illustrates intensity as a function of distance of a 19 reflector, 1 mm pitch length THz FBG fabricated using a femtosecond laser power of 0.11 W. The frequency spectrum, shown in Fig. 5(b) , can be extracted using an identical signal processing method as described for an IFPI. The period of the interference pattern was 100 GHz, the result of the 1 mm pitch length of the FBG. The full width at half maximum (FWHM) of the frequency domain signal for THz FBGs constructed using differing numbers of reflector elements was experimentally examined; when the period and fabrication power remain constant, increasing the number of reflectors of a THz FBG results in a reduction of the FWHM, leading to an enhanced quality factor (Q-factor). Similar to the IFPI, phase shifts resulting from changes in temperature and strain along the length of the optical fiber can be extracted by tracking the peak position within the 100 GHz range of the periodic pattern in the frequency domain.
In order to demonstrate the sensing capability of a THz FBG, a temperature test was conducted. Using the THz FBG in Fig. 5(a) , the frequency shift as a function of temperature was determined, and is shown in Fig. 5(c) . A highly linear relationship between peak shift and temperature was observed, with an R 2 value of 0.999. The sensitivity of the sensor was measured to be approximately −1.32 GHz/°C. Stability testing was also conducted, and demonstrated a temperature detection limit of less than 0.0017°C, illustrating the enhanced signal-to-noise ratio afforded by the THz FBG relative to the IFPI.
C. Phase-Shifted Terahertz-Range Fiber Bragg Grating
Although the IFPI and THz FBG sensors can achieve high accuracy measurements, both weak reflector structures remain limited by their relatively narrow dynamic ranges; the dynamic measurement range of a 1 mm pitch length THz FBG is limited to within 100 GHz. This limitation is mainly due to the use of higher-order resonant peaks (1929 rd to 1967 rd with the TLS range of 1525 ∼ 1555 nm) for parameter measurement and signal processing. This trade-off is partially limiting in applications such as structural health monitoring, where large strain changes are expected. In order to increase the dynamic range of THz FBG, a π phase shift can be introduced within the periodic structure, resulting a phase-shifted terahertz fiber Bragg grating [23] . In order to create this structure, two 1 mm pitch length, 10 point THz FBGs fabricated at 0.11 W femtosecond laser power were cascaded along a single mode fiber and separated by a distance of 1.5 mm between the two gratings, resulting in a single combined THz FBG with a π-radian shift within the grating structure, shown in Fig. 6(a) . The frequency spectrum of the phase-shifted THz FBG is shown in Fig. 6(b) . The quality factor (Q-factor) of the resonance peak is substantially increased by adding the π-radian shift to the reflector structure, allowing for the use of lower-order peaks during phase shift observation, increasing dynamic measurement range.
In order to experimentally evaluate the π-shifted THz FBG structure as a sensor with increased dynamic range, a strain test was conducted using a maximum strain of 1000 μϵ. The strain change was extracted by using the phase shift of a lower order (9 th order) resonance peak. The resulting frequency shift as a function of strain change is plotted in Fig. 6(c) . The R 2 value was calculated to be 0.996 and the sensitivity determined to be −0.0011 GHz/μϵ, demonstrating that this technique has the potential to enhance the utility THz FBGs for large strain sensing applications.
D. Buffer Intact Fabrication Technique
All of the terahertz-range weak reflection structures described above have demonstrated their feasibility as temperature and strain sensors. However, it is necessary to remove the buffer coating of the optical fiber from the femtosecond laser processing region due to the differing absorption spectra of the buffer coating and the silica glass of the optical fiber core. As a result, these bare fiber structures are substantially easier to damage during handling and use due to the loss of the mechanical resilience provided by the buffer coating. Although it is possible to recoat the bare sensors with UV-curable material after femtosecond laser fabrication, the maximum length of the recoating region is limited.
In order to enhance the resilience of the optical fiber sensors, a buffer-intact micromachining technique was developed, illustrated in Fig. 7 [24] . By using reduced femtosecond laser power to fabricate the reflectors, the energy absorbed by the dual acrylate optical fiber coating was not at a level sufficient to melt the fiber buffer, but remained capable of inscribing weak reflectors within the fiber core. Reflection signals recorded using a stripped buffer method (laser power 0.11 W) were measured to be 22 dB above the Rayleigh level, shown in Fig. 7(c) ; reflections inscribed using the buffer-intact method (laser power 0.085 W) were measured to be 10 dB above the Rayleigh level, shown in Fig. 7(d) .
To evaluate the performance of sensor structures fabricated using this buffer intact technique, strain and temperature tests were conducted using the buffer coated THz FBG and uncoated THz FBG sensors shown in Fig. 8(a) and (b). Highly similar results were found, which include temperature sensitivities of −1.28 GHz/°C and −1.30 GHz/°C for the uncoated and coated devices, respectively, and strain sensitivities of −0.16 GHz/μϵ for both the uncoated and coated sensors, indicating that the buffer intact sensor can achieve similar performance while maintaining the beneficial mechanical properties of coated optical fiber.
IV. DISCUSSION AND CONCLUSION
To conclude, this manuscript summarizes a series of terahertzrange weak reflection optical fiber structures. Each structure was fabricated using femtosecond laser micromachining and interrogated using optical frequency domain reflectometry (OFDR). The interrogation technique and experimental results for four distinct sensor types are described, and their resulting sensitivities shown to be in-line with expected results for similar interferometric methods [25] . The results of these tests demonstrate that these structures hold substantial potential as multiplexed optical fiber sensing techniques.
